We demonstrate that the distribution of ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) in the deep North Pacific is a unique tracer for the accumulation of biochemically identifiable organic residue of the export flux. RuBisCO is found both dissolved and assembled in microgels in a dynamic gel-to-dissolved-to-gel continuum that may protect RuBisCO from degradation in the water column. High concentrations are located below biologically productive equatorial and subarctic systems, and low concentrations are associated with the subtropical gyre. RuBisCO tracks the advective transport of export products along deep circulation pathways of the ocean interior, serving as a quantifiable biochemical tracer of modern organic carbon exported to and resident in the deep ocean.
The fate of most organic matter exported by sinking to the deep ocean interior is mineralization, which contributes to the elevated concentrations of inorganic carbon and nutrients found there. These mineralization products are returned to the ocean surface with the vertical circulation of the ocean, either to be re-assimilated into biomass and eventually returned to depth to complete the cycle or, in the case of dissolved inorganic carbon, to be exchanged with the atmosphere as CO 2 .
A different and poorly understood fate of the exported material is to accumulate in the suspended particulate, gel, and dissolved phases as organic matter that is highly resistant to biological decay. In its most refractory form, the carbon is locked in the ocean in a stable state, unavailable for exchange with the atmosphere for periods longer than the circulation time of the ocean (Williams and Druffel 1987) . The accumulated organic matter holds molecular information on the ocean's major biogeochemical processes that has proven difficult to extract (Hansell et al. 2009 ); most of the organic material undergoes chemical and/or structural modifications that disguise much of the information originally held in its biochemical composition. Our limited ability to trace major biogeochemical processes and their pools has slowed assessment of the roles these processes play in the ocean carbon and nitrogen cycles.
15 N-nuclear magnetic resonance spectroscopy shows that an important subset of the nitrogen (N) containing refractory material in the ocean's interior appears in the form of amides that resist chemical hydrolysis and biological degradation for reasons that are not well understood (Aluwihare et al. 2005) . Amides are found in living organisms as proteins and N-acetyl amino sugars (e.g., chitin, peptidoglycan). In surface waters, half of the materials containing amides are proteins; however, in deep oceanic waters, nearly all amides are present in the form of proteins (Aluwihare et al. 2005) . Proteins are valuable as biomarkers because their amino acid sequence provides a direct link to the coding deoxyribonucleic acid (DNA) of an organism. Proteins represent the catalytic potential and reactivity of an organism and, collectively, of an ecosystem, providing a direct link between the ocean's biology and chemistry. Thus, the identification and quantification of biogeochemically relevant proteins in the water column provides a powerful approach to understanding the cycling of major elements such as carbon (C) and N.
Genomics, as well as mass spectrometry-based proteomics analyses, demonstrate that the proteins sequestered in the particulate organic matter (POM) pool are phylogenetically and functionally diverse (Yooseph et al. 2007 ). However, detailed chemical characterization of marine proteins has been difficult, in part because of technological limitations (Mitchell 2010) ; this is particularly true for proteins present in the dissolved organic matter pool (DOM). Current analytical methods underestimate the protein content of seawater DOM because of inefficient recovery (Aluwihare and Meador 2008) or because the proteins have suffered physicochemical changes that prevent accurate quantification (Walker et al. 2011) . Modifications include glucosylation, formation of liposome-like particles, encapsulation and/or absorption of peptides to organic material (Tomaszewski et al. 2011) , and partitioning of different types of proteins (hydrophobic or hydrophilic) into microgel networks (Orellana et al. 2011) . Hydrophobic amino acids (AAs, such as leucine, isoleucine, phenylalanine, and cysteine) create hydrophobic pockets that are important in the processes of assembly and aggregation of polymer microgels (Orellana et al. 2011; Verdugo 2012) ; gelation of polymers and biopolymers driven by hydrophobic effects is well characterized in aquatic media (Verdugo 2012) . Polycationic proteins, peptides, and peptidic chains containing hydrophobic domains will preferentially assemble into marine microgels, which can anneal to form bigger aggregates (Orellana et al. 2011; Verdugo 2012) . Enzymelinked immunosorbent assay (ELISA) offers a quantitative tool with which to assess key protein pools with important catalytic capacities and allocations that would permit understanding of key sources and transformations of DOM.
An especially important protein is ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO), the most abundant protein on Earth (Ellis 1979) . RuBisCO is the key enzyme (EC 4.1.1.39) catalyzing the first and major step of carbon fixation in vascular and aquatic plants, algae, cyanobacteria, and phototropic and chemoautotrophic bacteria. In a paramount role, RuBisCO converts CO 2 to organic carbon in the Calvin-Benson-Bassham pathway and is responsible for 95% of marine photosynthesis. Marine metagenomic libraries show that the marine RuBisCO inventory is phylogenetically highly diverse (Yooseph et al. 2007 ). The enzyme's large-subunit gene expression has been used to investigate the distribution and activity of marine phytoplankton (Corredor et al. 2004) . Although the regulation of RuBisCO production and activity is a highly complex process, the maximal rates of photosynthesis and biomass accumulation depend largely on the enzyme's concentration (Corredor et al. 2004) . Additionally, as photosynthetic cells allocate important amounts of nitrogen to RuBisCO, it serves as a major nitrogen storage molecule (Ellis 1979) .
Using an immunological probe, RuBisCO was found assembled in marine polymer microgels (Chin et al. 1998) . Microgels are three-dimensional polymer networks held together by Ca 2+ ionic bonds (Chin et al. 1998; Orellana et al. 2011) ranging from colloidal (100-200 nm) to micrometer size (6-8 mm; Chin et al. 1998) , therefore standing at the interface between DOM and POM (Verdugo 2012) . Because the thermodynamic yield of microgel assembly is , 10% (Chin et al. 1998) or higher (30% in the high Arctic [Orellana et al. 2011] ), polymer gels may account for at least 6.6 3 10 16 g C in the global organic dissolved organic carbon (DOC) pool (estimated to be 6.6 3 10 17 g C (Hansell et al. 2009 ). Thus, microgels might be an important mechanism for transferring proteins and DOM to the deep ocean.
One characteristic property of polymer microgels is their ability to undergo reversible volume phase transition from swollen and hydrated to a dense condensed network. Phase transitions occur in response to environmental parameters such as temperature and ionic strength (Tanaka et al. 1980; Verdugo 2012) , pH (Chin et al. 1998; Orellana et al. 2011) , and important climate-relevant substances, such as dimethylsulfoniopropionate (DMSP) and dimethylsulfide (DMS) (Orellana et al. 2011 ). The condensed phase may render gel-contained proteins refractory to bacterial degradation (Orellana et al. 2011; Verdugo 2012) .
The goal of this work is to understand the distribution of biomarker proteins in the ocean so as to develop insights into the export, accumulation, and transport of modern organic carbon in the deep ocean. Here we evaluate the concentration and distribution of RuBisCO as a model protein and tracer in the Pacific Ocean. We assess (1) the distribution of RuBisCO, (2) the presence of RuBisCO in assembled microgels in the deep ocean, and (3) the physicochemical changes that might control the bioavailability of RuBisCO and other proteins in the water column and explain the resistance of marine proteins to decay in the water column (Aluwihare et al. 2005 ).
Methods
Sampling and analyses-Water samples were taken at 0.5u intervals at , 36 depths from the surface to the bottom into 12-liter Niskin bottles during the Climate Variability and Predictability (CLIVAR) cruise P16N in February and March 2006 (Fig. 1) . All samples were analyzed for silicic acid concentrations, and about half of those (alternating stations) were analyzed for DOC and total dissolved nitrogen (TDN). Data for these variables were taken from the P16N data collection held at http://cdiac.ornl.gov/oceans/home.html ). Of the samples analyzed for DOC, , 800 from the upper 4000 m were also analyzed for RuBisCO concentrations (after having been stored frozen). DOC, TDN, and RuBisCO samples from , 270-m depth were filtered prior to analyses using pre-combusted GF/F filters (nominal pore size of 0.7 mm) held in in-line polycarbonate filter holders. Samples from greater depths were analyzed whole (unfiltered) to avoid contamination.
ELISA assays-We developed an indirect ELISA for RuBisCO (Orellana and Perry 1992) using an affinitypurified rabbit anti-RbcL (Agrisera AS03 037 developed against a conjugated synthetic peptide conserved across RbcL protein sequences including RuBisCO forms I [L 8 S 8 ] and form II [L 2-8 ]) and secondary goat anti-rabbit biotinconjugated antibody (Pierce 31807). The resulting immunocomplex was detected with a poly-horseradish peroxidase (HRP) streptavidin and a fluorogenic peroxidase substrate solution (Pierce 15169) measured at 420 nm. The assay was optimized for antigen and antibody concentrations and for incubation periods by checkerboard titration to give a maximum signal range (0-100 ng mL 21 RuBisCO). A calibration curve with RbcL protein solutions in triplicate was included in each assay plate (Fig. 2) , with a standard deviation , 2%. All samples were run in triplicate. The antirabbit anti-RbcL serum (Agrisera AS03 037) cross-reacted not only with forms I and II (including diatoms, dinoflagellates, cyanobacteria, photosynthetic bacteria, and archaea) but also with RuBisCO large subunit of unknown origin extracted from seawater ( Fig. 2 , insert) and polymeric material assembled into microgels, that were analyzed by immunofluorescence assays (Orellana et al. 2011 ).
Extraction of RuBisCO from water samples-To test cross-reactivity of the protein(s) present in seawater (of unknown phytoplanktonic or bacterial origin) with the antibody probe we extracted RuBisCO and other proteins from unconcentrated seawater samples from the Pacific Ocean (CLIVAR line P16N) with a high recovery immunoaffinity column, according to Orellana and Perry (1992) , with modifications. Seawater proteins were analyzed to check for cross-reactivity by western blot (Orellana and Perry 1992) (Fig. 2, insert) . In short, proteins extracted from seawater were separated by denaturing sodium dodecyl sulfate-polyacrylamide gel electrophoresis, electrophoretically transferred onto a nitrocellulose membrane, and then detected by chemiluminescence (NovexH ECL enhanced chemiluminescent immunodetection kit, Invitrogen) using the biosensor that cross-reacts with RuBisCO forms I and II.
Microgel measurements-We evaluated microgel characteristics and properties in order to determine if the particles present in deep-water samples are indeed microgels according to Chin et al. (1998) and Orellana et al. (2011) . Samples were stained with chlortetracycline (l ex 5 374 nm, l em 5 560 nm, 50 mmol L 21 , pH 8.0), which labels particles containing bound Ca 2+ as their polymers are stabilized by Ca 2+ ionic bonds, and dispersed following calcium chelation by ethylenediamine tetraacetic acid (pH 8). Microgels were observed and photographed on a Delta Vision confocal microscope and counted with a calibrated InFlux flow cytometer according to Orellana et al. (2007) . Gels were also quantified by fluorometry (Orellana et al. 2011 ) and the pH determined by spectrophotometry (Dickson et al. 2007 ).
Polymer gel reversible volume phase transition-Swelling and condensation transition of the microgels was performed at 20uC and was induced by changing the pH from 8.05 to 2 with HCl. Changes in gel volume were recorded as changes in forward scatter and concentration of microgels measured at a given size by an InFlux (Cytopeia) flow cytometer calibrated with Polysciences 1-mm beads (Orellana et al. 2007 ). Microgels undergo volume phase transition to sizes below the limit of detection of the instrument (300 nm); however, as soon as the pH is increased the microgels can be recounted because these RuBisCO microgels swell at higher pH. The reversibility of the process was tested for periods of a week.
Bacterial abundance-Bacteria and archaea in the water column were stained with SYBRH green and counted with an InFlux flow cytometer (Cytopeia) calibrated with Polysciences 1-mm-size beads (Orellana et al. 2007 ).
Results
RuBisCO distribution-RuBisCO was assayed on samples collected in the Pacific Ocean (Fig. 1) . While RuBisCO is synthesized in the euphotic zone by autotrophic organisms, concentrations of the enzyme were elevated (to . 20 ng mL 21 ) throughout the water column in the equatorial (to , 10uN) and the subarctic (, 40-52uN) zones (Fig. 3A) (note that RuBisCO-enriched biogenic particles in the upper 270 m of the water column had been removed by filtration). In contrast, concentrations were low (, , 7 ng mL 21 ) at depths , 2000 m at mid-latitudes and at . 52uN.
The water column distribution of RuBisCO (Fig. 3A ) generally coincided with the distribution of photoautotrophic biomass in the surface ocean (Fig. 1) . The equatorial and subarctic Pacific surface ocean had elevated concentrations of phytoplankton biomass (based on chlorophyll a concentrations) and elevated water-column concentrations of RuBisCO, while the low-biomass subtropical gyre was underlain by water with low RuBisCO concentrations. At the time of observations, the chlorophyll front between the subarctic and subtropical systems was near 35uN (Fig. 1) , but it undergoes a seasonal meridional migration, reaching 40-45uN in summer and 28-32uN in winter (Polovina and Howell 2005) . While RuBisCO concentrations were low at , 2000 m below the most oligotrophic waters, they showed a bathypelagic maximum (, 7 ng mL 21 ) near 3000 m. A near-seafloor maximum was present on the equator, likely associated with the thin (5-mm) veneer of phytodetritus covering most of the seafloor in the zone (Smith et al. 1996) .
Physical state of RuBisCO in the water column-We investigated if RuBisCO was assembled into microgels (Chin et al. 1998 ) and if those microgels could undergo volume phase transitions. Indeed, RuBisCO was assembled into Ca ++ -bound polymer hydrogel networks (Fig. 4A) . The average amount of DOC present as microgels at three stations was 9.2%, which agrees with values published earlier (Chin et al. 1998) (Fig. 4B) . The microgel networks were observed to undergo a steep volume condensation and Modeled rates of zonal mean export production (EP; mol C m 22 yr 21 ; triangles) (Schlitzer 2000 (Schlitzer , 2004 and mean observed rates (with standard deviations) of net community production (NCP; mol C m 22 yr 21 ; squares) in the central equatorial Pacific and the eastern subtropical North Pacific taken from Quay et al. (2009). phase transition, collapsing from a swollen network at pH 8 to a nonporous, tight network at pH 7 (Fig. 4C) , attaining a size $ six times smaller than at pH 8.
Discussion
Our goal is to understand the distribution of biomarker proteins and, from that, to develop insights on metabolic processes of relevance to biogeochemistry. Accomplishing this goal depends on quantifying the proteins of interest within the dissolved-to-particulate continuum. This knowledge is required for mechanistically understanding the production and degradation kinetics of recalcitrant proteins in the ocean's interior. We conducted ELISA analyses on RuBisCO contained in seawater samples in the Pacific Ocean and studied the physicochemical transformations this protein might undergo in the water column. Immunoassays such as ELISA do not require pre-concentration of seawater, thus retaining the original chemical character and conformation of soluble (DOM) or gel phase proteins present in the water column that might be lost by absorption to ultrafiltration membranes (Aluwihare and Meador 2008) or by increased partitioning of proteins at higher concentrating factors (Aluwihare and Meador 2008; Walker et al. 2011) . Interference can also occur with high salt concentrations or physicochemical modifications during low pH extractions (Dittmar et al. 2008 ). In addition, ELISAs provide information on the cycling of proteins (or other chemical moieties) as actual intact biopolymers in the water column, rather than solely examining individual AAs after hydrolysis (Aluwihare and Meador 2008) , a process that erases the chemical history of the proteins, and the links between production and mineralization and between biology and biogeochemistry.
The role of hydrographic fronts-It is apparent from the deep RuBisCO distributions that hydrographic fronts play an important role in controlling the biogeochemistry of the deep underlying water masses. Fronts between major ocean currents are important delineators of marine biogeographical regimes (Belkin et al. 2009 ). Depending on the circulation dynamics at the fronts, they can be sites of nutrient upwelling with intense biological activity of phytoplankton and increased secondary production, high autotrophic production of biogenic sinking particles, and enhanced concentration and vertical export of large phytoplankton such as diatoms (Kemp et al. 2006) . The front near 8-10uN, separating the eastward-flowing North Equatorial Counter Current (south of the front) from the westward-flowing North Equatorial Current (Fig. 1) , coincided with a strong front in the deep RuBisCO distribution (Fig. 3A) , with RuBisCO enriched in the equatorial zone. The North Pacific subpolar front near 40uN, separating the subtropical gyre and the cyclonic subarctic, Alaska Gyre, also coincided with a discontinuity in the subsurface distribution of RuBisCO, with higher values underlying the Alaska Gyre. The Alaska Stream, at the northern border of the subarctic gyre, was underlain by low concentrations of the protein. It is evident that hydrographic fronts affect the distribution of recently produced organic matter thousands of meters below the ocean surface.
Mechanisms for RuBisCO distributions-Basin-wide export production in the North Pacific sums to 2-2.5 Pg C yr 21 (Feely et al. 2004; Schlitzer 2004) , with highest fluxes originating in nutrient-enriched surface waters. The spatial pattern of export production in the North Pacific (Fig. 3B) generally tracks the water-column distributions of RuBisCO. For example, elevated rates of carbon export in the equatorial and subarctic systems track elevated concentrations of RuBisCO at depth. This relationship indicates causality: A proposed mechanism is that particles enriched with autotrophic biomass are exported with their RuBisCO content to the abyss. As the sinking particles disaggregate and solubilize, RuBisCO is transferred to a dynamic gel-todissolved-to-gel continuum state (Verdugo et al. 2004) , undergoing unknown biophysical and/or physicochemical transformations that leave RuBisCO resistant to rapid decay. Diatoms and coccolithophorids are likely to have an important role here since they are primary agents for rapid, deep export of organic matter in the equatorial (Honjo et al. 2008 ) and subarctic Pacific (Kawahawa 2007; Honjo et al. 2008) . The biosensor used in these assays cross-reacts with RuBisCO forms I and II, including diatoms and coccolithophorids, further indicating that the deep distributions result from their export. Mass spectrometry amino acid sequencing of RuBisCO extracted from seawater will be necessary to confirm the link.
An alternative mechanism is that RuBisCO is produced in situ by chemoautotrophs. Swan et al. (2011) demonstrated the presence of chemolithoautotrophic bacteria containing RuBisCO and sulfur-oxidizing genes associated with particles in deep waters. The microgels present in the deep Pacific are a possible source of reduced sulfur, a possible substrate for the autotrophic bacteria, since they contain a high concentration of proteins. Organically bonded sulfur is a component of all proteins (i.e., in the AAs cysteine and methionine), and RuBisCO is not an exception; microgels could also contain DMS and DMSP (Orellana et al. 2010) . The Pacific Ocean ammonia-oxidizing Crenearcheota are unlikely sources of deep RuBisCO. While the expression of ammonia monooxygenase genes indicates that they are active in the epipelagic and mesopelagic waters (Church et al. 2010) , in the bathypelagic zone these organisms might be chemoorgano-heterotrophs or even completely heterotrophic as a result of the lack of substrate (Baltar et al. 2010) .
The deep-water samples (. 270 m) analyzed here contained , 10 5 mL 21 microbes (bacteria and or archaea) (Table 1) , similar to previously reported abundances in the Pacific (Nagata et al. 2010) . Some of these organisms are chemoautotrophs holding their own allocation of RuBisCO (Swan et al. 2011) , so their contributions to the protein's total concentrations can be estimated. Microbes hold , 2.1 fg N per cell (Fukuda et al. 1998) ; assuming that , 5% of the total N in the cells is present as RuBisCO, then the contribution from these organisms would reach 0.01 ng N mL 21 at 10 5 cells mL 21 . Thus, , 0.1% of the observed RuBisCO might be from the protein present in these organisms. From this calculation, it is apparent that RuBisCO in the water column is primarily present in the dissolved and gel phase (Verdugo et al. 2004 ) and less in the resident chemoautotrophs.
Tracking deep interior currents-RuBisCO concentrations were low at , 2000 m below the subtropical gyre, but they showed a bathypelagic maximum (, 7 ng mL 21 ) near 3000 m. To understand this feature, the concentrations of silicic acid were plotted along with a two-dimensional depiction of bottom-water and deep-water flow (Fig. 3A) . Silicic acid is enriched in the deep North Pacific as a result of benthic and water-column dissolution of biogenic opal introduced largely as diatoms exported from the surface (Kawahawa 2007) . A bottom current (Lower Circumpolar Deep Water) with modest silicic acid concentrations (, 125 mmol kg 21 ) moves northward across the equator, then gains buoyancy in the North Pacific, to return south at mid-depths as Pacific Deep Water (PDW). The PDW entrains silicic acid-enriched waters, carrying the nutrient south within a core near 3000 m ( Fig. 3A; note the 150-mmol kg 21 isoline). The apparent enrichment of RuBisCO within this water mass indicates a similar entrainment and transport of the protein within the PDW. Given the role of deep circulation in determining the distribution of silicic acid (Fig. 3A) , the elevated concentrations of RuBisCO deep beneath the subtropical gyre are likewise due to transport of this protein with the deep currents. If this inference is correct, then this protein serves as a tracer of deep ocean flow and of export products spreading throughout the ocean interior. The time elapsed for deep transport from the subarctic region south across the subtropics to near 20uN is not known, but a direct, meridional transport from 40uN to 20uN would require 1-2 yr of transit time at 5 cm s 21 . Given that these mid-basin deep waters flow zonally within gyre circulations (Wijffels et al. 1998) , the lifetime for the enzyme may be decades, which in terms of refractory DOM cycling is short (Williams and Druffel 1987) , but this lifetime is long in terms of the protein degradation that can occur in minutes (Cooper and Hausman 2009) . This phenomenon points to the complexity of the DOM in which constituent molecules (e.g., dissolved monosaccharides) have residence times that differ from the bulk radiocarbon DOC (3 yr; Repeta and Aluwihare 2006) .
RuBisCO physicochemical dynamics in the water columnRuBisCO in the deep ocean assembles into microgels (Fig. 4A) as its hydrophobic surfaces promote the process (Orellana et al. 2011) . These biopolymeric networks can undergo volume phase transition from expanded-andswollen to condensed-and-collapsed (Fig. 4C) . The pH (7) at which this protein undergoes volume phase transition is higher than for DOM (pH 4.5; Chin et al. 1998) . Volume phase transition of microgels containing RuBisCO results in nonporous polymeric networks analogous to a stone-like particle smaller than 300 nm (flow cytometry measurement; Fig. 4C ), preventing further degradation. As a soluble enzyme within chloroplasts (pH 8), RuBisCO might be expected to be consumed or degraded by protozoa or zooplankton rather quickly. However, a pH change in the vacuoles of protozoa (pH 7 to pH 3; Laybourn-Parry 1984) or in the guts of zooplankton (pH 5 6.86-7.19 for Calanus helgolandicus; Pond et al. 1995) would induce physicalchemical alterations and microgel volume phase transition from swollen and hydrated to condensed and collapsed. This process could prevent RuBisCO degradation by digestive enzymes, as when RuBisCO did not suffer degradation when incubated at pH , 7 for up to a week (Fig. 4C ). This process would remove recently produced autotrophic biomolecules from further degradation in the water column. Volume phase transition driven by hydrophobic interactions can also be induced by temperature changes, with hydrographically relevant critical points of 5uC and 24-30uC (Verdugo 2012) . Furthermore, volume phase transitions can be induced by very low concentrations (nmol L 21 ) of DMS and DMSP (Orellana et al. 2011) . Concentrations of these chemical species are relatively high (6 to 3 nmol L 21 ) in the equatorial Pacific Ocean and are present throughout the year (Bates and Quinn 1997) . Moreover, during long-term transit in the water column, DOM-RuBisCO interactions might induce in situ posttranslational modifications of the protein, including glycosylation (Mirzaei et al. 2008) .
Bulk contribution of RuBisCO to the deep DOM poolWhile the chemical composition of DON in the ocean has not been fully elucidated (Aluwihare et al. 2005; Aluwihare and Meador 2008) , recent findings indicate that DON preservation exists by virtue of a non-discriminating and rapid shunt that effectively removes recently formed autotrophic biomolecules from further recycling (McCarthy et al. 2004 ). Microgel phase transition may the mechanism for shunting molecules to a protected state. By this mechanism, the marine DON pool, then, even in the abyssal ocean, would retain an unaltered signature of its autotrophic synthesis. The concentrations of RuBisCO reported here indicate that this enzyme is an important component of the recently produced, unaltered DON pool. At the mean North Pacific RuBisCO concentration of 8.9 mg m 23 , and with C and N contents of 47-49% and 13-15%, respectively, this enzyme contributes 0.4 mmol kg 21 of modern C to the deep DOC pool (, 1% of the mean DOC concentration at . 1000 m) and 0.075 mmol N kg 21 to the DON pool (, 2% of mean DON concentration at . 1000 m). While this latter value is surprising, as it is equivalent to the total AAs measured in the deep Pacific (Kaiser and Benner 2009) , the AA recoveries from seawater can be low and may thus underestimate the actual protein and AA-dissolved pools. Only a fraction of AAs are hydrolyzable (Benner 2002) , probably as a result of problems of solubility, degradation, and peptide posttranslational modifications during handling (Mirzaei et al. 2008) , highlighting the importance of understanding the physicochemical dynamics of proteins in seawater.
If the enzyme's concentrations in the North Pacific are representative of those in other major ocean basins, the global ocean inventory of RuBisCO carbon is , 5.75 Pg, or 0.85-1% of the 662 Pg C in the global ocean DOC inventory (Hansell et al. 2009 ). This small addition of modern carbon in RuBisCO will have minimal effect on the 14 C composition of deep DOC, although the sum of inputs from other biochemicals introduced by similar mechanisms is unknown.
Because RuBisCO, or at least a certain percentage of it, resides in the continuum between the gel and soluble phases, we compare its distribution with the distribution of DOC in the Pacific Ocean. The generally vertical alignments in the distribution of RuBisCO (Fig. 3A) contrast with the generally horizontal alignment of DOC (Fig. 5) . DOC found in the deep North Pacific is mostly introduced with bottom-water formation in the Southern Ocean, which flows northward as near-bottom flow, as described above. Concentrations change modestly while en route (Hansell et al. 2009 ), decreasing from , 40 mmol C kg 21 near bottom on the equator to 35-38 mmol C kg 21 in the southward return flow of the PDW (traced by elevated silicic acid concentrations in Fig. 3) . RuBisCO (and presumably other solubilized byproducts of the particulate export flux) is added to this deep field of DOC. The true (gross) loss of the DOC introduced with bottom-water formation may be concealed then by DOM added through solubilization of sinking particles. Addition of DOM by solubilization is an unquantified process, but one that RuBisCO indicates is occurring under highly productive systems.
This work demonstrates the value of RuBisCO as a tracer of marine dissolved and gel-phase organic matter dynamics in the deepest ocean layers, showing for the first time an important single protein in this pool and demonstrating a means by which this protein is protected from degradation. Previous analytical work has commonly been limited to assessing total combined single AAs, thus erasing the chemical history and identity of the proteins and, most importantly, the link between biology and phylogenetics in the ocean surface and ocean biogeochemistry. Further work must now be directed at assessing the distributions and turnover of functional proteins important to other major, climate-sensitive biogeochemical processes (e.g., carbon fixation by photo-and chemoautotrophy, nitrogen fixation, denitrification).
